It is found that in the linear shear flow after a certain time the noncompressive magnetohydrodynamic Alfvén wave with only k ʈ develops large values of k Ќ and becomes the kinetic Alfvén wave with considerable compressibility, and velocity and magnetic field perturbations in the parallel direction ͑to the background magnetic field͒. It is found that the perturbation amplitudes of the above kinetic quantities increase continuously with time. The amplitudes are mostly determined by the ratios of the Alfvénic to ion gyrofrequency and of the thermal to magnetic pressure for a specified shear flow.
I. INTRODUCTION
Shear-flow induced phenomena are prevalent in nature as a result of the extensive existence of shear flow ͑namely, the velocity field of the flow is spatially inhomogeneous͒. One simple example of shear flow is the plane Couette flow with unperturbed velocity directed along the background magnetic field ͑B 0 ͒ and sheared in the perpendicular direction. The velocity in this flow is further assumed to be linearly correlated with the spatial coordinate along the shear, thus the operators in related magnetohydrodynamic ͑MHD͒ equations are also spatially dependent. As a result, the normal mode method commonly used in the resolution of the eigenvalue problem associated with linear perturbations is not applicable to the study of wave dynamics in the Couette flow ͑if one does not prohibit wave propagation along the shear͒. To solve the problem many authors adopted the socalled nonmodal approach ͑see, e.g., Ref. 1 and references therein, and Ref. 2 for a recent study͒. The main idea of the approach can be summarized as follows, first apply a standard spatial coordinate transformation into a co-moving shearing reference frame ͑i.e., change the Eulerian frame to the Lagrangian one͒ to turn the spatial inhomogeneity of the operators into the temporal one, then perform the Fourier analysis of the equations with respect to the new spatial coordinates. Thus the question is reduced to an initial-value problem, which can be tackled to investigate the dynamics of the spatial Fourier harmonics ͑SFH͒. Using the nonmodal analysis, it was found that the wave number of the SFH along the shear varies linearly with time 3 ͑namely, the linear drift in the wave vector space͒. This behavior of the SFH is the physical basis of many "new" time-dependent shear-flow induced phenomena discovered with the nonmodal approach, e.g., the nonexponential, monotonous growth of the SFH energy, 3-5 resonant mode conversion of different types of linear MHD waves, and energy exchange between fluctuations and mean flow. 1, 6 It is also a bona fide physical cause of our result, as will be shown later in this paper.
It is well known that the linear MHD Alfvén wave is incompressible with the velocity and the electromagnetic field perturbations perpendicular to B 0 , while the kinetic Alfvén wave is linearly compressive and develops parallel components of the velocity and the electromagnetic field fluctuations. [7] [8] [9] The discrepancy between the MHD and the kinetic Alfvén waves can also be revealed by the following dispersion relation given by Hollweg 10 in a homogeneous two-fluid plasma,
with m e ͑m p ͒ being the electron ͑proton͒ mass, K Ќ is the perpendicular wave number in units of the parallel wave number k x and K 2 =1+K Ќ 2 , the dimensionless wave frequency ⍀ = / A0 with A0 = v A k x , the plasma parameter
and electron inertial length L e = ck x / pe Ϸ ͱ ͑m e / m p ͒ ϫ͑ A0 / ⍀ p ͒, with ⍀ p and pe representing the proton gyrofrequency and the electron plasma frequency, respectively. When the right-hand side is zero, Eq. ͑1͒ gives the dispersion relations of the three linear MHD modes: fast and slow magnetosonic and Alfvén waves. Therefore, the right-hand side of Eq. ͑1͒ presents the deviation of the wave modes from MHD dynamics, which can be evaluated with ͉K Ќ ͉L i , the ratio between the ion gyroradius L i and the perpendicular wavelength 1 / ͉K Ќ ͉. To demonstrate a solution to Eq. ͑1͒ we take ␤ = 1 and A0 / ⍀ p = 0.01, thus L i = 0.01 and L e Ϸ 0.000 23. The dispersion curves for the three wave modes in the kinetic ͑solid lines͒ and MHD ͑dashed lines͒ situations are plotted in Fig. 1 with the y axis denoting the frequency ⍀ in units of A0 and the x axis, K Ќ L i . Since the frequency of the fast mode increases rather rapidly with increasing K Ќ , we replot its dispersion curve in the right panel of this figure with much broader frequency range. It can be seen that when the perpendicular wave vector vanishes the three modes achieve the minimal frequency difference. conditions when ͉K Ќ ͉L i Ͻ 0.1, the wave frequency is close to that of the MHD counterpart. However, the Alfvén wave can still develop considerable kinetic characteristics as shown by our calculations to be presented later. As previously noted, since the wave number and equivalently the perturbation length scale along the shear varies linearly with time, it is natural to surmise that the MHD Alfvén wave propagating in a shear flow may become the kinetic Alfvén wave in a certain time. The aim of our work is to study this process quantitatively. The following section describes the physical model of the paper, the third section presents the numerical results and parameter studies, and main conclusions are summarized in the last part of this paper.
II. PHYSICAL MODEL
We employ a two-fluid description of the electron-proton plasma with uniform velocity shear. The physical quantities are decomposed into mean and small perturbed components so as to linearize the usual MHD equations for ideal magnetized fluids. The unperturbed density is represented by n p0 = n e0 = n 0 , the background magnetic field B 0 = B 0 e x , the mean flow velocity V e0 = V i0 = V 0 = Aye x , where n 0 , B 0 , and A are constants. With the subscript 1 denoting the perturbed parts, the physical quantities can be written as n i = n e = n 0 + n 1 , V s = V 0 + V s1 , B = B 0 e x + B 1 , where s = p, e representing the particle species. The linearized MHD equations for the electron and proton fluids are written as follows:
and the Maxwell equations
where pressure p s = p 0 + p s1 = ͑n 0 + n 1 ͒k B T s with T s being the thermal temperature of the fluid s, Q s is the particle charge, and the current density J = en 0 ͑V p1 − V e1 ͒. Following Kaghashvili, 11 instead of finding the solution of Eqs. ͑2͒-͑4͒ directly, we first derive the equations for the following quantities: ͑1͒ the total mass density fluctuation 1 = n 1 ͑m e + m p ͒, ͑2͒ the velocity perturbation of the center of mass V = ͑m e V e1 + m p V p1 ͒ / ͑m e + m p ͒, and ͑3͒ the vector F 1 = B 1 − 2 ٌ 2 B 1 . We have
with 2 = m / 0 n 0 e 2 Ϸ l e 2 , l e is the electron inertial length, and m = m e m p / ͑m e + m p ͒. It is easy to get Eqs. ͑5͒ and ͑6͒. And Eq. ͑7͒ can be obtained by the following deductions, first take the divergence of the equation of J which can be derived from Eqs. ͑2͒ and ͑3͒, then substitute the Faraday's law into this equation to eliminate E 1 . To remove the spatial dependence of operators in the above equations, we transform the spatial coordinates ͑x , y , z͒ into the shearing reference frame ͑x 1 , y 1 , z 1 ͒ with
We have
Then perform the following Fourier transform with respect to the variables ͑x 1 , pressed by ⌽ = ⌽ * exp i͑k x * x 1 + k y y 1 + k z * z 1 ͒, it is easy to know that k x * = k x , k y = k y0 − Atk x and k z * = k z . The k y − k y0 relation represents the linear drift of the SFH in the wave vector space. We define the following dimensionless parameters:
We can then write the equations for the SFH fluctuations as follows:
where
we have from the divergence-free condition of the magnetic field perturbation,
And the electric-field perturbations are defined as E = E 1 / v A B 0 . Given the parameters at the initial time ͑ =0͒, the physical quantities at the other instant can be obtained by solving the above equations numerically with the fourthorder Runge-Kutta method. It can be seen from Eqs. ͑10͒-͑15͒ that the temporal evolution of the SFH is determined mainly by ␤ and ⍀ in a given shear flow with fixed parameter R. To assess their impact, calculations with various values of the two parameters are also presented in the following section.
III. NUMERICAL RESULTS
The parameters ͑␤ = 1 and ⍀ = 0.01͒ that are used to give the dispersion curves drawn in Fig. 1 
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other perturbed quantities equal to zero with K y0 = K z =0. It is clear that this fluctuation corresponds to the noncompressive ͑namely, K͑ =0͒ · v =0͒ Alfvénic perturbation which will excite a parallel-propagating MHD Alfvén wave with frequency A0 in a homogeneous plasma. The dimensionless shear parameter R͑=A / A0 ͒ is the ratio between two time scales: the perturbation time scale or the wave period and the variation time scale of the mean flow velocity. In this article R is fixed to be 0.1, which means the variation time of the flow is much longer than the wave period. We will return to the effect of R later in this section. In other words, the Alfvén wave becomes compressible in first order when ͉K y ͉L i Ϸ 0.1, before the wave frequencies are changed considerably by the kinetic effect. The parallel components of the velocity and magnetic field perturbations also have comparable amplitudes with the density fluctuation, while that of the parallel electric field is negligible. Comparing carefully the major oscillations in the perturbed quantities shown in Fig. 2 , we find that except v y which fluctuates too fast to discriminate between the Alfvénic and slow modes, all the other perturbed parameters have the Alfvénic components ͑with frequency equal to 1 in units of A0 ͒ corresponding to the kinetic Alfvén wave. It is easy to find that there is a phase difference of in D and B x for the Alfvénic fluctuations. This is consistent with the slow mode but not with the fast mode, indicating that the Alfvén wave is closely coupled to the slow mode through the kinetic effect, in general agreement with the study on the kinetic Alfvén wave in a homogeneous plasma by Hollweg. 10 It is also easy to see that for all quantities except v z and b z the Alfvénic fluctuations are modulated more or less by the fast and slow modes.
From the above discussion we see that as a result of the shear the initial incompressible Alfvén wave is partially converted to fast and slow magnetosonic waves, while the remaining part is totally transformed into the kinetic Alfvén wave. To discriminate different wave modes in a quantitative way, we perform the fast Fourier analysis on the time series plotted in Fig. 2 . The power spectrum obtained is presented in Fig. 3 with the x axis denoting the frequency ⍀. The fluctuation with frequency 1 represents the kinetic Alfvén wave, and the spectral peak at about 0.7 is caused by the slow mode fluctuation ͑see Fig. 1͒ . In the region ⍀Ͼ1, there exists a continuous spectrum depicting the fast mode with frequency ranging from 1 to about 17. The sharp cutoff in the spectrum is caused by the limited time domain, and the drastic oscillation is a result of the finite time step of the calculations. The spectrum confirms our previous statement that all quantities excluding v z and b z are composed of the three wave modes. In addition, the Alfvénic component is the dominant oscillation in all the parameters with v y as an exception. This means that under the considered conditions only a very small part of the initial Alfvénic fluctuation is converted into the fast and slow magnetosonic waves through the shear-flow induced wave couplings. The energy 
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to support the growth of the fast mode oscillations as indicated by the v y plots shown in Fig. 2 is gained from the mean flow.
1
It is apparent that the shear parameter R is critical to the wave dynamics mainly through its linear correlation with the wave number along the shear. As a result, its value affects the fluctuation amplitudes of the kinetic quantities of the Alfvén wave. The smaller the R is the longer the time it takes for the perturbed parameters to reach the given amplitudes. At high shear rate ͑e.g., R Ͼ 1͒, the overreflection of the Alfvénic and slow modes may take place. However, it seems that such phenomenon will not occur as long as K z = 0 and only Alfvén wave is excited initially.
2 As already noted, when R is fixed ⍀ and ␤ determines largely the temporal evolution of the fluctuations. Below we will investigate their effect in a specified shear flow with the same R͑=0.1͒ as that in the reference solution. When one of the two parameters is varied, the other is fixed to be its reference value ͑i.e., ⍀ = 0.01 or ␤ =1͒. Four cases with different value of ⍀ or ␤ ͑given by the relevant reference value multiplied by a factor of 10 totally different impacts on the resonant mode conversion process of the Alfvén to fast and slow waves. It is easy to see that while ⍀ has little influence on the wave transformation process, a larger ␤ corresponds to the fluctuations with stronger slow mode components and vice versa. This can be explained as follows. Since the mean flow is only weakly sheared with R Ӷ 1, it can be assumed that at any given instant the dispersion relations given by Eq. ͑1͒ for the three wave modes are observed approximately. It is easy to know that when the perpendicular wave vector disappears, the frequencies of the three wave modes are closest to each other. This means the resonant wave transformations are easiest to take place near K Ќ =0.
1 From Eq. ͑1͒ we get the frequencies of the Alfvén, fast and slow modes when K Ќ = 0, and they are 
Also from ͑11͒ with R = 0, we have
To deduce the above equations ⍀ Ϸ 1 is used. 
IV. CONCLUSIONS AND DISCUSSION
Using the two-fluid description of the electron-proton plasma, we investigate the temporal evolution of a given Alfvénic fluctuation in a linear shear flow with the nonmodal approach. We find that a part of the initial MHD Alfvén wave is resonantly converted into fast and slow magnetosonic waves, which is consistent with the previous studies on shear-flow induced mode transformations; and the remaining Alfvén wave develops considerable kinetic properties with 
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increasing oscillating amplitudes in a certain time. In a given shear flow, it is found that the fluctuation amplitudes of the kinetic quantities of the Alfvén wave ͑i.e., density fluctuation, parallel perturbations of the velocity, and electromagnetic fields͒ are largely determined by the ratios of the Alfvénic to ion gyrofrequency and of the thermal to magnetic pressure. Because of the velocity shear, the initial noncompressive Alfvénic perturbations are partially converted into fast and slow modes which are easy to damp even in collisionless plasmas, and the remaining part becomes the kinetic Alfvén wave with significant compressibility which can dissipate through several mechanisms ͑e.g., Landau damping 7,12,13 and transit-time damping 10 ͒. Thus our results provide a new pathway for the study on the dissipation of the Alfvén wave. It should be pointed out that although the two-fluid description of the electron-proton plasma has been successful in explaining/understanding many aspects of the physical properties of the kinetic Alfvén wave, there exist strong limitations. For example, some pure kinetic processes, such as the Landau damping and transit-time damping, could not be described by the fluid model. However, as mentioned by Hollweg, 10 as long as the dissipation rates are small compared with the real part of the complex frequency, the fluid model can give basically correct description of the wave properties.
